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Abstract of EP0329338 

The invention relates to a process and apparatus 
for heating bodies to high temperatures at high 
pressures. The process involves locating the 
body (16) in a chamber (15) capable of acting as 
a resonant cavity for microwave radiation of a 
predelemiined fiequency. The body (16) is then 
Irradiated in the cavity with microwave energy of 
the predetemilned frequency for a time sufficient 
to raise the temperature of the body to a suitable 
high temperature. Then, either sut>sequently or 
simultaneously, a fluid at high pressure is 
introduced into the cavity to pressurize the body. 
The apparatus provides the equipment necessary 
for the operation of flie process. The process and 
apparatus can be used for sintering and/or hot 
isostatic pressing of bodies made of ceramic 
powders and for similar purposes. 
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Process and apparatus for heating bodies at iilgli temperature and pressure 
utilizing microwave energy. 



Descrif^on of EP0329338 



Process and apparatus for heaUng bodies at high temperature and pressure utiltang microwave enew 

This invention relates to processes and apparatus for heating bodies at high temperature and pressure. 
More particularly, the invention relates to such processes for healing bodies made of ceramics and the iiKe 
utilizing microwave energy to bring about the desired heating. 

Sintered shaped bodies are often fomied by heating shaped pre-forms made of ceramic powders, e.g. 
alumina, to the required sintering temperature normally in the range of 1000-2000 DEG C. In conventonal 
sintering, the pre-fomi to be sintered is brought up to the required temperature by placing it in a gas fired 
fumace or a furnace equipped with resistent heating elements. The product is heated by radiation and the 
thermal energy thus generated has to penetrate Into the pre-fomn from the surface. In order to produce a 
crack-free product, the themftal stresses imposed by the internal temperature gradients have to be 
minimized. IWIainly for this reason, but also in order to minimize thennal stresses wHhin the fumace 
elements, the temperature of the product has to be increased slowly, and fumace cyde tim^ of 24-48 
hours are not uncommon.Because a significant amount of fumace insulation and wall mass Is also heated 
up with the product, the thennal inertia of the system is quite large and rapid control of the temperature is 
not possible. Finally, element failure is quite common in high temperature electrical funnaces especially 
where temperature cycling occurs. 

One way of improving the quality of sintered ceramic products is to use a hot isostetic press. In such a 
press ttie product is introduced into a pressure vessel wl)ich is then sealed. Heating elements vwthln the 
pressure vessel are energized and the product is heated. At the appropriate time, a gas at high pressure 
(typically 20,000 psi or higher) '» introduced into the pressure vessel. The high pressure acts to compress 
the product unifomily in all directions and helps to correct any defiBCIs that may have formed dunng the 
heating. Thus, in general, hot isostatic pressing involves the followirtg two steges: 

(1) the pre-fonn is sintered until all open porosity is eliminated; and 

(2) the pre-fonn is then subjected to high isostatic pressure. 

Nonnally for effective utilization of a hot isostetic press, sintering and hot pressing are done in two 
separate furnaces. As a result, the system is an ^cpenave one and can be used only for extremely high 
value added producte. 

Sintering of ceramic powders by means of microwave heating is disclosed in Japanese Patent Publication 
60-221367 dated November 6, 1985 in the name of Nippon Microwave KK. This procedure involves 
placing ceramic powder in a ceramic receptacle located in a microwave cavity resonator or in a 
vraveguide. Microwaves are guided into the resonator or waveguide while the powder is uniaxially pres^ 
by means of a mechanical die or piston. However, uniaxial compression of this kind does not produce the 
desir^te effecte achieved by isostetic pressure. 

The present invention is based on the finding that the use of microwaves as a heating source for hot 
isostetic pressing overcomes many of the problems of the conventional procedure and results in a more 
desirable product that is produced according to ttie Japanese patent publication mentioned above. 

According to one aspect of the invention there is provided a process for subjecting a body to high 
temperature and pressure, which comprises: locating saM body in a high pressure-resistant chamber 
capable of acting as a resonant cavity for microwave radiation of a predetennined frequency: inadiaiing 
said body in said chamber witti microwave energy of about said predetennined frequency for a time 
sufficient to raise the temperature of ttie body to a suitable high temperature; and either subsequently or 
simuHaneously raising the fluid pressure in said cavity to pressurize said body isostetically. 

According to another aspect of the invention there is provided apparatus for subjecting a body to high 
temperature and pressure, which comprises: a Wgh pressure-resistant chamber capabte of acting as a 
resonant cavity for microwave radiation of a predetermined frequency; a magnetron capable of generating 
microwave radiation at about said predetennined frequency; guide means for guiding said microwave 
radiation into said chamber, and means for introducing a fluid at high pressure into said chamber. 

An advantage of the present invention is ttiat flie heating and pressing steps can be earned out very 
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rapidly and simply. Since the microwave energy the body direct and causes little heating of the 
apparatus, themial masses are reduced, cycle Bmes can be kept short and energy requirements are kept 
low. 

Another advantage of the present invention over conventional hcA isostatic pressing is that the atmosphere 
within the cavity during the heating and pressing steps cart be varied widely without affecting the process 
and if desired, the atmosphere can comprise a gas that reacts chemically with the body being treated. In 
conventional hot isostatto pressing using a coW wail reactor this is not usually possible because carbon 
electrodes are generally provkJed in ttie pressure chamber for heating the body and so a non-reactive 
atmosphere (especially a non-oxidizing atmosphere) is required to avoid degradation of the electrodes. In 
the present invention, there is no limitation on the reactivity of the atmosphere and this enables the 
process to be used with many new materials.For example, ceramic superconductors must be sintered in 
an oxidizing atmosphet« or their superconductivity will be impaired. Alternatively, nitrogen atmospheres at 
high pressures can be used vWthout high cost in the present Invention when sintering such matenals as 
silfcon nitride, which tends to be decomposed to silicon when the conventkjnal procedure is emptoyed, but 
which sinters well under an atmosphere of high pressure nitrogen. 

If the heating and pressing steps are canied out together. proviskMi must be made to introduce the 
mfcrowaves into the pressurized cavity. This can be done by equipping the chamber with a high pressure 
resistant microwave transparent window or a solid microwave antenna passing through the vessel wall in 
a pressure tight anangement. However, it is generally more economfcal to cany out the heating and 
pressing steps sequentially; for example, a wave guide can be Introduced Into an opening in the chamber 
during the heating step and then, for the pressing step, the waveguide can be removed and replaced by a 
high pressure resistant closure devk». 

The pressure inside the cavity can be elevated to the desired ®ctent (usually 40,000 - 50,000 psi) during 
the pressing step by introducing a gas from a pressurized containef or a high pressure pump. If the 
heating and pressing steps are to be canied out simultaneously, the cavity can be sealed during heating 
and the body subjected to autogenously-generated pressure. 

The present inventton can make use of conventional hot isostatic equipment modified for the generatton, 
introduction and resonance of the microwave energy. 

The pressure chamber, nomially made of metal, should be designed as a single or multi-mode cavity 
resonator for a particular wavelength. The pressure diamber of a conventional press can be modified to 
achieve this, for example by inserting conducting cylinders of predetemined diameters into the chamber 
so that only the required cavity modes virill resonate. As an exsunple, at a frequency of 2.45 GHz, a cavity 
diameter of between 7.2 and 9.4 cm is required to excite the dominant mode in a (qrlindrical cavity. 
Depending on the shape of the pre-fomi body, ottier modes may have to be excited and this may be 
achieved by making the chamber larger. For extensive productton runs invoking the same pre^omi 
oonliguiatlon, the pressure vessel itself may be speclficaUy designed to ensure resonance of the desired 
modes. 

The body to be heated can be simply placed within the cavity or held within a container of mterowave- 
transparent material (e.g. quartz). 

Conventional magnetrons can be employed to generate the microwav^,«;grmagB^ns capable of 
generating mkjrowaves at 2.45 GHz or 915 MHz at power levels of abobt5Q0-600^R^. Magnetrons of 
this type can generate sufficient heat withjji^heJjQ^to raise the temperatureraptdiy to the sintenng level 
e.g. up to about 2100 DEG C in as littl<|is 5 to lO^utes. 

In a preferred fomi of the invention, the body is partially or fully submerged in a powder bed during the 
heating and pressurizing steps. The powder bed may have either one or bofli of the foltowing functions. 
FIrstty when the body to be heated couples well with microwave energy, the bed may act as an insplator 
to reduce heat loss from the body as it is heated and, when the heating and pressing are earned out 
sequentially during the period between the termination of the heating step and the completion of the 
pressing step. Secondty. the powder bed may contain or consist of a material that is susceptible to heating 
by the microwaves. This makes it possible to use the process of the invention with bodies made of 
materials that are either not heated by mfcrowaves at all or are onty pooriy heated or which have a low 
loss factor.In such cases, instead of the body being heated directly by the microwaves, the susceptor bed 
is heated and th^ heat thus generated is conducted to the body submerged in the bed. 

The powder material used for the bed should be capable of withstanding the high temperatures produced 
in the process without melting, sintering or decomposing. If the bed is to assist with the heating, the 
material shouW be susceptible to microwave heating at the frequencies emptoyed. Ceramic powders are 
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generally suHabie, e.g. BaTl03 and other insulating ceramicowdes of high dielectric constant In 
particular, t>eta -alumina (whicti contains sodium compounds) is susceptible to microwave heating and is 
thus particularly preferred. Undesired sintering of the powder bed itself is generally not a problem because 
the bed is nomialiy loosely packed, in contrast to the pre-fbnn body in which the ceramic particles are 
tightly pressed together as a result of the initial shaping and pressing step nonnally carried out when 
producing pre-fomis for sintering.The amount of powder bed employed is not critical but generally, 
because of the insulating effect, more powder bed means less power consumption. 

To achieve special heating effects, the powder bed may be made non-homogeneous. For example, the 
bed may comprise a mixture of a microwave susceptor and a material that is not heated substantially by 
microwaves. By increasing the ratio of susceptor to non-susc^tor In certain parts of the bed and reducing 
the ratio in other parts of the bed, an uneven heating effect can be achieved within the bed. By locating 
these areas a(jQaoent to certain parts of the body to be sintered, desirable heating effects of the twdy can 
be achieved. For example, if the body has thick sections and thin sections, the ratio of susceptor to non- 
susceptor can be increased adjacent to the thick sections and/or reduced adjacent to the thin sections, to 
achieve even heating throughout Vne body. 

Preferred embodiments of the invention are described in the following with reference to the accompanying 
drawings, in whidi: ^ ^ ^ 

Fig. 1 1s a side elevational view of a hot isostatic press according to one enftodmient of me present 
invention, the press b^ng in the heating position: 
Fig. 2 is a view similar to Fig. 1 . the press befaig m the pressing posiUpn; and 

Fig. 3 Is a resonant cavity, shown on an enlarged scale, suitable for simultaneous heating and pressing a 
product 

A prefwred example of a hot isostatic press according to the present invention is shown in Figs. 1 and 2. 
The press 10 comprises an open rectangular framneworit 11 supporting a rigid "C-shaped" beam 12. A 
hydraulic ram 13 is supported by the lower frameworic members and is laterally slidable between the 
positions shown respectively in Figs. 1 and 2. The piston 14 of the ram supports a pressure vessel 15. the 
mtertor of which forms a chamber designed to act as a resonait cavity for microwaves. The chamber 
contains a pre-fonn body 16 (shown in broken lines) to be treated, optionally supported in a powder bed 
(not shown). The upper end of the pressure vessel has an open collar 17. An engaging flange 1 8 is rigidly 
attached to the beam 12 at one side and has a central hole which receives a waveguide 19.The 
waveguide is connected to a magnetron 19A which generates microwaves of the desired frequency. 
These microwaves are conveyed by the waveguide in the direction of the anrow into the interior of the 
pressure vessel 17. 

The equipment is used as folkiws. Firstly, the pre-fonn 16 is subjected to a heating cycte. For this, ttie 
apparatus is arrang«l in the manner shown in Fig. 1. The hydraulic ram 13 presses the pressure vess^ 
15 against the flange 18. The magnetron 19A is operated to direct microwave energy along the waveguide 
19, through the collar 17 and into the chamber where the energy is absorbed by the body and/or the 
powder bed (if present so that the temperature of the body rises rapidly. After a length of time suitable to 
raise the temperature of the body to the sintering range, the magnetron is switehed off and the ram is 
k»wered.A high pressure-sealing lid 20 is placed on the pressure vessel and the asswnbly moves to the 
right hand position as shown In Fig. 2 whereupon the ram is actuated to force ttie upper end of the 
pressure vessel and lid 20 against the upper end of the C-shaped beam 12 while the opposite end of the 
ram is braced against flie tower end of the beam. Gas at high pressure is introduced into tiie pressure 
vessel through inlet 21. The pressurized gas introduced into the vessel during tttis part of the cycle may 
have a pressure as high as 20,000 psi or more. The pressure has the same effect on the ceramic product 
as in conventional hot isostetic pressing. The body is maintained at a suitable temperatore during this step 
by virtue of flie powder bed (if present) in which it is embedded and by virtue of ite own thenmal nrass. 

After the pressurizing step is complete, the pressure in the pressure vessel is relieved and ttie product Is 
allowed to cool down whereupon it may be removed from the pressure vessel and powcter insulation bed. 

AHhough not shown in Figs. 1 and 2, ttie apparatus may comprise two or more presses of tiie illustrated 
design, each being connected to a single magnetron via their waveguides 19. Switching means are 
provided in flie waveguides so that microwave energy may be conveyed to only one of the presses at a 
time. In Oils way, when the microwave energy is no longer required for one press (i.e. dunng ttie pressing 
or cooling cycles), it can be switched to ttie other (or one of the ottier) presses. The capital coste can 
fliereby be reduced and productivity increased. 

Rg. 3 shows an altemative pressure vessel 30. As in the previous embodiment, the interior of ttie pressure 
ve^ forms a chamber which acts as a resonant cavity. In tills case, the microwave radiation is 
introduced into the resonant cavity 1^ means of an antenna 31 whteh extends Into the cavity ttirough a 
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high pressure seal 32. A pressure head 33 completes the sealing of the cavity and a pressurized gas is 
introduced through inlet 35. Because this equipment Is capable of both pressurizing and inBdiating a 
sample 34 at the same time, if desired, there is no need to separate the heating step and the pressurizing 
step as in the previous embodiment and both can be canied out with the press in the position shown in 
Fig. 2, i.e. with the pressure vessel clamped between the ram and the C-shaped beam. 

Alttiough not shown in the drawings, altemafive apparatus may comprise a chamber sealed by a lid having 
a microwave-transparent window and a high pressure shutter behind the window to protect the window 
from the high pressure in the chamber during the pressing cycle. Using this arrangement, microwaves can 
be introduced through tfie window during the heating cycle and then, after closure of the shutter, 
pressurized gas may be introduced into the chamber for the pressing cycle. Using such an apparatus, it 
may not be necessary to move the vessel between two different stations for the heating and pressing 
steps. In the case of microwave energy at 2.45 GHz up to 5kw. the window may be made of quartz and 
should have an area of approximately 2x2 inches. 

While preferred embodiments of the invention have been described in detail above, various alterations and 
modifications will occur to persons skilled in the art. All such alterations and modifications are included 
within the scope of the present invention as defined by the following claims. 
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Process and apparatus for heating bodies at liigh temperature and pressure 
utilizing microwave energy. 



Claims of EP0329338 

1. A process for subjecting a body to high temperature and pressure, which comprises: 
locating said body in a high pressure-resistant chamber; 

heating said body in said chamber for a time sufficient to raise the temperature of the body to a suitable 
high temperature; and 

either subsequently or simultaneously raising the fluid pressure in said chamber to pressurize said body 

isostalically; . ^ u ^ 

characterized in that said heating is carried out by introducing microwave eiergy into said chamber at a 
frequency of about that at which the chamber is capable of acting as a resonant microwave cavity. 

2. A process according to Claim 1 characterized in that said body is surrounded by a bed of a heat- 
resistant powder capable of acting as a heat insulator for said body. 

3A process according to Claim 1 characterized In that said body is surrounded by a bed of a powder 
which is susceptible to heating by microwaves. 

4. A process according to Claim 1, Claim 2 or Claim 3 characterized in that the heating and pressurizing 
steps are earned out sequentially. 

5. A process according to Claim. 1 , Claim 2 or Claim 3 characterized in that the heating and pressurizing 
steps are canied out simultaneously. 

6. A process according to any preceding claim characterized in that the pressure in the chamber is raised 
by intrxxlucing a pressurized gas into the chamber from an extemal source. 

7. A prtx»ss according to Claim 1 , Claim 2, Claim 3, Claim 4 or Claim 5 characterized in that the pressure 
in the chamber is raised by sealing the chamber during the heating step so that the pressure in the 
chamber rises autogenously as the temperature increases. 

8. A process according to any preceding claim characterized in that an atmosphere present in the chamber 
during said heating and/or pressurizing steps is reactive with material forming said body. 

9. A process according to any preceding claim, chararterized in that the microwave energy is introduced 
into said chamber via a waveguide and an opening in the chamber. 

10. A process according to any of Claims 1 to 8. characterized in tiiat the microwave energy is introduced 
Into said chamber via a solid antenna located in a wall of the chamber. 

1 1 . A process according to any of Claims 1 to 8, characterized in that the microwave energy is introduced 
into said chamber via a microwave-transparent window in a wall of the chamber. 

12. A process according to any preceding claim, characterized in that the microwave energy has a 
frequency of atwut 2,45 GHz. 

13A procsss^c^rdiog to any preceding claim, characterized in that the microwave energy has a power 
of abofff500-60b watis>"^x 



14 A process accoirdlng to any preceding claim, characterized in that the body is surrounded by a powder 
bed comprising at least two materials of different microwave susceptibilities, and wherein the proportion of 
the materials differs throughout the bed in order to produce different heating rates in different parts of the 
bed. 

15. A process according to any preceding claim, characterized in that the fluid pressure is raised to about 
40000-50000 psi. 

16. A process according to any preceding claim, characterized in that the body Is made of sinterable 
particles and the temperature of the body is raised to a temperature at which the particles sinter together. 
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17 Apparatus for subjecting a body to high temperature and pressure, which comprises: 
a high pressure-resistant chamber, 

and means for introducing a fluid at high pressure into said chamber; 

characterized in that said chamber is capable of acting as a resonant cavity for microwave radiation of a 
predetermined frequency and said apparatus further comprises a magnetron capable of generating 
microwave radiation at about said predetemnlned frequency; 
guide means (19, 31) for guiding said microwave radiafion into said chamber. 

18. Apparatus according to Claim 17, characterized in that the chamber can be sealed so that autogenous 
pressure is generated when a body located in the chamber is heated. 

19 Apparatus according to Claim 18 characterized in that chamber is movable between first and second 
positions, and wherein said guide means (19) are located at said first position and a clamp (12) is located 
at said second position for clamping a removable closure (20) fimnly to said chamber. 

20. Apparatus according to Claim 17, Claim 18 or Claim 19 wherein said chamber receives a microwave- 
transparent container for holding said body and a powder bed within which said body can be immersed. 

21 Apparatus according to Claim 17, Claim 18, Claim 19, or CLaim 20, farther including at least one 
oonducHve cylinder which can be located In said chamber in order to vary the microwave resonance of 
said diamber. 

22. Apparatus according to any one of Claims 17 to 21, wherein said magnetron is capable of generating 
microwaves having a frequency of about 2.45 GHz at a power of about 500-600 watts. 

23. Apparatus according to Claim 17, wherein said guide means (31) comprises a solid antenna passing 
through a wall of said chamber. 

24. Apparatus according to any one of Claims 17 to 22, wherein said guide means comprises a waveguide 
(19) opening into salcf chamber. 

25. Apparatus according to Claim 17, wherein said chamber has an opening sealed by a microwave- 
transparent window. 

26. Apparatus according to Claim 25 further comprising a high pressure shutter for Isolating said window 
from high pressure within the chamber. 

27. Apparatus according to any one of Claims 17 to 26, further comprising a plurality of said high pressure 
resistant chambers, a plurality of guide means for guiding microwave energy from said magnetron to each 
of said chambers and switohing means for direcfing said microwave energy to only one of said chambers 
at a time. 
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